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Objectives. We examined whether subtotal coronary artery
occlusion and reperfusion alter coronary flow reserve and regional
myocardial function .
Background. Total coronary artery occlusion followed by reper-
fusion results in decreased coronary flow reserve and regional
myocardial dysfunction.
Methods. Thirteen anesthetized dogs were subjected to subtotal
occlusion of the left anterior descending coronary artery for 1 h,
followed by reperfusion for 1 h. During subtotal left anterior
descending occlusion, heart rate was increased by atrial pacing .
After reperfusion, coronary flow reserve, indicated by reactive
hyperemia, as well as coronary flow responses to acetylcholine and
nitroglycerin, regional myocardial function and myocardial leu-
kocyte accumulation were measured .
Results. After reperfusion, coronary How reserve was decreased
in the ischemic left anterior descending but not the nonischemic
circumflex coronary artery region . Myocardial function was also
Total coronary artery occlusion followed by reperfusion is
associated with a decrease in coronary flow reserve . This
phenomenon has been amply demonstrated in studies from
several different laboratories (1-6) . Regardless of the index of
coronary flow reserve, such as reactive hyperemia or increase
in coronary blood flow in response to a variety of vasodilators,
including acetylcholine and nitroglycerin, a decrease in coro-
nary flow reserve occurs after total coronary artery occlusion
and reperfusion . A variety of mechanisms, including loss of
endothelial function, release of vasoconstrictor materials, al-
tered prostaglandin release and plugging of microvasculature
with leukocytes, have been proposed as potential mechanisms
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depressed in the left anterior descending coronary region and did
not improve on reperfusion . Histologic study showed no leukocyte
infiltration in the ischemic left anterior descending coronary
region . Mycloperoxidase, an index of myocardial leukocyte accu-
mulation, was similar in the left anterior descending and circum-
flex coronary regions. Sensitivity of epicardial left anterior de-
scending coronary artery rings to the thromboxane A 2 analog
U46,619 was enhanced, and relaxation of these rings in response
to endothelium-dependent relaxants was decreased .
Conclusions. Coronary flow reserve is reduced and regional
myocardial function depressed after subtotal coronary artery
occlusion and increased heart rate. A decreased synthesis or
increased breakdown of endothelium-derived relaxing factor may
be related to a decrease in coronary flow reserve . However, the
reduction in coronary flow reserve appears to be unrelated to
leukocyte accumulation in the reperfused region .
(J Am Coll Cardiol 1994;24:795--803)
of the decrease in coronary flow reserve (1-8) . Leukocyte
plugging of the microvasculature in the reperfused myocardial
regions, resulting in reduction of the microvascular cross-
sectional area, is a particularly attractive hypothesis as a
pathogenic basis of reduced coronary flow reserve because
vascular responsiveness is reduced similarly in response to
endothelium-dependent (e .g., acetylcholine and bradykinin) or
endothelium-independent (e .g., nitroglycerin) vasodilators
(4,5) .
Attenuation of endothelium-dependent coronary vaso-
dilator function after ischemia and reperfusion (8-11) may
also explain the inability of myocardial arterioles to dilate in
this setting. The reduction in coronary flow reserve is also
associated with regional myocardial dysfunction (2) .
Although most studies have used a period ?1 h of coronary
artery occlusion to determine changes in myocardial and
vascular endothelial function, brief periods of coronary artery
occlusion also result in myocardial dysfunction (12) . Subtotal
occlusion of the porcine coronary artery for 15 min, followed
by reperfusion for I h, results in attenuated endothelial
function in terms of coronary artery smooth muscle relaxation
in response to adenosine diphosphate and bradykinin (13) .
This study suggests for the first time that total coronary
0735-1097/941$7.00
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occlusion may not be necessary to cause loss of endothelial
function .
Although it is evident that total coronary artery occlusion
followed by reperfusion consistently results in a decrease in
coronary flow reserve and regional myocardial function, it is
not known whether coronary flow reserve and myocardial
function decrease when coronary flow is markedly decreased
by subtotal coronary artery occlusion and the myocardium is
then subjected to reperfusion . This may be a clinically relevant
phenomenon when the coronary artery undergoes transient
dynamic constriction, and blood flow is markedly decreased .
Often patients with dynamic critical coronary artery narrowing
develop tachycardia during the period of ischemia . Accord-
ingly, this study was designed to examine alterations in coro-
nary flow reserve and regional myocardial function in vivo in
dogs subjected to subtotal occlusion of one of the coronary
arteries while the other served as the control . To mimic the
clinical state, heart rate was increased by atrial pacing . We also
examined whether changes in coronary flow reserve arc related
to micrcwascular occlusion by leukocytes .
Methods
Experimental preparation . Thirteen healthy mongrel male
or female dogs (average weight 22 kg) were anesthetized with
intravenous pentobarbital at a dose of 30 mg/kg body weight .
Small maintenance doses of the anesthetic agent were admin-
istered periodically when needed during the experiment . Once
the dog was anesthetized, a cuffed endotracheal tube was
inserted, and respiration was maintained with an intermittent
positive-pressure respirator (Harvard Apparatus). The rate
and volume per stroke of the respirator were adjusted to
maintain arterial blood gases within the physiologic range (pH
7.35 to 7.45; partial pressure of carbon diox-Ja 10 to
40 mm Hg; partial pressure of oxygen 85 to 100 mm Hg) . Body
temperature was maintained with a heating blanket between 36
and 38°C . The heart and great vessels were exposed through
the fifth intercostal space . The pericardium was opened and
reflected to form a cradle for suspending the heart . Approxi-
mately 2 cm of the left anterior descending and circumflex
coronary arteries was dissected free from the adjacent tissues .
Flows in the two arteries were measured with a dual-channel
20-MHz ultrasonic Doppler flowmeter (Crystal Biotech), and
rigid flow probes with an inside diameter ranging from 2 .0 to
3.0 mm. Probes were carefully matched to the diameter of the
artery in each case and were chosen so that the probe fit snugly
on the vessel without constricting it . The Doppler flowmeter
and probes were calibrated in vivo by matching the output
signal to a calibrated electromagnetic flowmeter (model BL
613; Biotronex) signal . A pressure catheter (Millar) was passed
through a carotid artery and positioned so that the tip lay in the
aortic root. A small Teflon 3F catheter was inserted into the
first arterial branch of the left anterior descending coronary
artery and advanced to the left main coronary artery . The
catheter was secured with two ligatures to prevent possible
movement in the artery during the course of the experiment .
JACC Vol. 24. No . 3
September I'$)4 : 795-503
Blood flow in left anterior descending and circumflex coronary
arteries increased about equally after a 25-µ, bolus injection of
nitroglycerin ; this increase indicated proper catheter position
in the left main coronary artery. Catheter position was als,)
confirmed at the termination of the experiment by opening the
vessel . A small hydraulic occluder, connected to a constant
pressure regulator, was positioned around the left anterior
descending coronary artery distal to the flow probe and used
for subtotal occlusion of the vessel .
A pair of miniature ultrasound crystals (2 min in diameter)
were positioned in the midmyocardium in the region supplied
by the left anterior descending coronary artery . In implanting
the crystals. a small tract was created with an 18-gauge needle :
a transparent Teflon tube was placed around the wire leading
from the crystals to provide support ; and the crystals were then
pushed to the desired depth (-8 mm from the epicardium), as
marked by a ligature on the wire . The orientation of the
crystals, which were separated by 1.0 to 1 .5 cm, was aligned so
that the optimal acoustic signal was obtained . After position-
ing, the Teflon tube was removed. Although precise myocar-
dial fiber angles at the sites of crystal implantation could not be
obtained, the depth of the crystals, their orientation transverse
to the long ventricular axis and their proximity to the minor
equator made it likely that they lay generally parallel to the
muscle fiber (3-5). End-diastolic and end-systolic segment
lengths were measured at aortic valve opening and closing,
respectively, which was determined from the ascending aortic
pressure waveform (3-5) . Segment length change or shorten-
ing fraction was obtained as follows : [(End-diastolic length -
End-systolic length)/End-diastolic length] x 100 . Lead 11 of
the electrocardiogram (ECG) was monitored to assess heart
rate . A pacemaker anode wire was attached to the left atrium,
with cathode connected to the subcutaneous tissues .
Experimental protocol. After a stabilization period of at
least 15 min, heart rate, high fidelity aortic root pulsatile and
mean pressure, coronary blood flows (left anterior descending
and circumflex coronary arteries) and segment length change
were measured .
Acetylcholine (0 .01, 0 .1 and I µg) or nitroglycerin (5, 10
and 25 µg) were then randomly infused into the left main
coronary artery over -5 s . Each agent was administered in I ml
of saline solution. In all experiments, coronary blood flow and
arterial pressure were allowed to return to baseline before
administration of the next acetylcholine or nitroglycerin dose .
The vehicle (I ml of normal saline solution) that was fre-
quently infused for -5 s caused only minimal (<I 0%) change
in coronary blood flow .
In all dogs, peak reactive hyperemic response after 10 and
20 s of total occlusion of the coronary artery was also measured
in both left anterior descending and circumflex coronary
arteries in duplicate .
After all measurements were made, the left anterior de-
scending coronary artery was gradually nan , )wed to achieve
50% to 70% reduction in basal flow. To avoid spontaneous
thrombosis in the narrowed coronary artery, heparin (5,000 U)
was given intravenously before subtotal occlusion . When the
JACC %A . 24. No . 3
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reduced blood flow was stable, the pacemaker was turned on to
achieve a 30% to 40%- increase in ventricular rate . After I h of
reduced left anterior descending coronary blood flow and
sustained increase in heart rate, pacing was discontinued, and
the occlusion was gradually released over -10 min to prevent
serious arrhythmias and ventricular fibrillation . After I h of
reperfusion, acetylcholine and nitroglycerin administration was
repeated. In all dogs reactive hyperemia after 10 and 20 s of
total occlusion was also repeated in both the left anterior
descending and circumflex coronary artery beds .
Coronary artery reactivity. In six dogs -2-cm length seg-
ments of both the nonisehemic circumflex coronary artery and
the ischemic-reperfused left anterior descending coronary
artery (1 cm distal to the site of coronary artery narrowing)
were excised and placed into oxygenated Krebs-Ringers buffer .
The vessels were cut into four 3 to 4-mm rings (wet weight 4 .5
to 5 mg), which were washed and mounted onto wire stirrups,
suspended in tissue baths filled with Krebs-Ringers buffer at
37°C and connected to force transducers (Grass Instruments)
to record changes in isometric force. as described previously
(8) . The rings were stretched to a preload of 2 g and allowed to
equilibrate for 2 h. During the period of equilibration, buffer
was changed every 30 min and 95% oxygen and 5% carbon
dioxide continuously bubbled .
Both nonischemic circumflex and ischemic-reperfused left
anterior descending coronary artery rings were exposed to the
thromboxane A.-endoperoxide analog U46,619 in gradually
increasing concentrations (5 X 10-"to 10-
12
mol/liter) until
a stable force of 3 to 4 g was achieved . After stable and
sustained contraction, the coronary artery rings were exposed
to endothelium-dependent vasodilators acetylcholine (10 -" to
10' mol/liter), adenosine diphosphate (10-'
to l(1-4
mol/
liter) or thrombin (0 .1 and 1 .0 U/ml) or the endothelium-
independent vasodilator nitroglycerin (10 - `'to
10 6
mol/liter) .
Parallel sets of coronary artery rings were randomly pretreated
with indomethacin (10 --5 mol/liter) 10 min before contraction
with U46,619 .
Histologic observations . After completion of the experi-
ments in six dogs, the heart was quickly removed, placed in
10% formalin and later cut into five transverse sections of
equal thickness . Histologic processing was done by conven-
tional methods, and sections were stained with hematoxylin-
eosin. The histologic sections were examined for intensity and
extent of leukocyte deposition in the left anterior descending-
and circumflex-supplied regions (14) . The intensity of leuko-
cyte deposition was semiquantitated such that grade 0 intensity
would imply absence of leukocytes in the myocardium and
capillaries, grade I leukocytes in the capillaries, grade 2
leukocytes in the capillaries and arterioles, grade 3 leukocytes
in the vessel walls and adventitia and grade 4 dense leukocyte
infiltration between myocytes as well as in and around th.-
microcirculation. Grade 1 extent would represent local areas of
leukocyte infiltration, whereas grade 4 extent would suggest
leukocyte infiltration in four or more low power (X25) fields .
This quantitation of leukocyte deposition was based on thor-
ough examination of multiple (10 to 15) sections from base to
apex in the left anterior descending and circumflex coronary
artery regions. In addition, myocardial sections were examined
for evidence of myocardial injury and interstitial edema .
Myocardial myeloperoxidase assay. As a specific enzy-
matic marker of leukocyte infiltration into the reperfused
myocardium, -500 mg of left ventricular tissue (including
endocardium) was removed from the center of the regions
supplied by the circumflex and left anterior descending coro-
nary arteries. A modification of the method of Bradley et al .
(15) was used to measure myeloperoxidase activity in the
myocardial sections (3-5,14) . The investigator performing
the myeloperoxidase assay was unaware of the treatment of the
dogs and the histologic assessment .
Data recording and calculations . Hemodynamic variables,
ECG and segment length change were recorded continuously
on a strip chart recorder (Honeywell). Coronary blood flow
just before acetylcholine and nitroglycerin administration was
used as an index of rest flow . Increase in blood flow was
determined as follows: [(Peak flow - Rest flow)/Rest flow]
X
100. Peak reactive hyperemia response was also calculated in a
similar manner (3,14). Coronary vascular resistance was calcu-
lated as the ratio of mean arterial pressure and mean coronary
blood flow . Coronary artery ring contraction in response to
046,619 was expressed in g/mg tissue . Vascular ring relaxation
in response to all relaxants was expressed as a percent change
from preexisting force above the baseline 2-g preload,
Statistical analysis. All data presented are peak changes
and are expressed as mean value ± SE . The Student paired
t test was used to compare changes in heart rate, mean aortic
pressure, segment length, shortening fraction and peak reac-
tive hyperemic response . Repeated measures analysis of vari-
ance (followed by the Scheffd F test) using the absolute values
for coronary blood flow, coronary vascular resistance and
percent change in flow were used for analysis of responses to
acetylcholine and nitroglycerin . Post-left anterior descending
coronary artery reperfusion values were compared with pre-
left anterior descending occlusion values . Student t test (de-
termination of contractile response to U46,619) and analysis of
variance (relaxation in response to vasodilators) were used to
compare left anterior descending and circumflex coronary
artery ring reactivity ; p < 0 .05 was considered significant .
Results
Systemic, coronary and myocardial variables . Heart rate
increased 37% by atrial pacing during the period of subtotal
left anterior descending coronary artery occlusion from 158 ±
I I to 216 ± 13 beats/min and was 165 ± 9 beats/min at I h after
reperfusion . Mean aortic pressure did not change during either
left anterior descending coronary artery occlusion or reperfu-
sion (Table 1) . Blood flow in the left anterior descending
coronary artery decreased 57% (from 25 ± 3 to 12 ± 3 ml/min)
during subtotal occlusion and returned to baseline (28 Tt
2 ml/min) at I h after reperfusion . Blood flow in the circumflex
coronary artery increased from 36
± 5 ml/min before to 47 ±
5 ml/min during left anterior descending coronary artery
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Table 1
. Effect of Subtotal Occlusion of Lcft Anterior Descending
Coronary Artery on Systemic. Coronary and Myocardial Variables
'p 001 versus left anterior descending coronary artery (LAD) prcocclusiom
value . Cx - • circurnllex coronary artoi} . !)ata presented are mean saiuc
` SEE
subtotal occlusion (p < 0 .01) and returned to baseline at I h
after reperfusion of this vessel (37 -- 5 nil/min) .
Both end-diastolic and end-systolic myocardial segmental
lengths increased (p < 0.02), and the shortening fraction
decreased (p < 0.02) in the left anterior descending coronary
artery region during the period of subtotal occlusion in all dogs
(Table 1), indicating regional myocardial dysfunction . Despite
release of the occlusion and a reduction in heart rate, myocar-
dial contractile function was diminished in six dogs and was
paradoxic (end-systolic length > end-diastolic length) in the
remaining seven . Mean shortening fraction was less on reper-
fusion than during coronary occlusion ( 0.4 ± 1 .1 vs. 2.2
1 .8%, p = NS).
Acetylcholine- and nitroglycerin-mediated increase in cor-
onary blood flow. Absolute values for coronary blood flow and
coronary vascular resistance before and after subtotal coronary
artery occlusion and after reperfusion are shown in Table 2,
and the percent changes after administration of acetylcholine
and nitroglycerin are depicted in Figures 1 and 2 .
Before subtotal left anterior descending coronary artery
occlusion, both acetylcholine and nitroglycerin caused an
JACC Vol . 24 . No. 3
increase in blood flow and a decrease in coronary vascular
resistance in both left anterior descending and circumflex
coronary arteries . In addition, these changes were dependent
on the amount of acetylcholine and nitroglycerin administered .
Maximal increase in left anterior descending coronary blood
flow in response to acetylcholine (1 µg) was 136 ± 20% and
108 ± 9% in response to nitroglycerin (25 µg).
After 1 h of subtotal left anterior descending coronary
artery occlusion accompanied by increased heart rate and I h
of reperfusion, the increase in blood flow and decrease in
coronary vascular resistance in the ischemic-reperfused left
anterior descending coronary artery in response to acetylcho-
line were less than those observed before subtotal occlusion
(Table 2). The maximal increase in coronary blood flow in
response to acetylcholine was 61 ± 12% (vs . I36 ± 20% before
occlusion, p < 0 .05) (Fig. 1) . Similarly, attenuation of increase
in blood flow and decrease in coronary vascular resistance were
noted in response to nitroglycerin at ail doses administered .
The maximal increase in coronary blood flow in response to
nitroglycerin was 61 ± 9 14' (vs . 108 ± 12ri(' before occlusion,
p < 0.05) (Fig . 2) .
In contrast to the attenuated flow response to acetylcholine
and nitroglycerin, these agents caused an increase in blood
flow and a decrease in coronary vascular resistance in the
circumflex coronary artery bed after subtotal left anterior
descending coronary artery occlusion (and increased heart
rate) and reperfusion . These changes were similar to those
observed before subtotal left anterior descending coronary
occlusion . This indicated that the attenuated flow responses in
the left anterior descending coronary region were not related
to deterioration of the animal preparation during the period of
observation .
Reactive hyperemic response. Peak reactive hyperemic re-
sponses in the left anterior descending coronary artery after
10 and 20 s of total occlusion were 196 = 17% and 276
27%, respectively . Peak reactive hyperemic responses in the
circumflex coronary artery after 10 and 20 s of total occlusion
Table 2 . Changes in Coronary Blood Flow and Vascular Resistance in Response to Acetylcholine and Nitr ,glycerin in 13 Dogs
'p < 0.05 . before left anterior descending coronary artery subtotal narrowing and atrial pacing (LAD Occlusion) . Data presented are mean value ± SE . Cx =
circumflex coronary artery .
Coronary Blood Flow
(mt'min)
Coronary Vascular Resistance
(mm Hg/ml per min)
LAD Cx LAD Cx
Before LAD
Occlusion
After LAD
Reperfusio n
Belore LAD After LAD Before LAD
Occlusion Reperfusion Occlusion
After LAD
Reperfusion
Before LAD
Occlusion
After LAD
Reperfusion
CunIrr4 (161g)
25 ' _ 2e 36 • 5 - ----
37
' 5 -r- 4
.65 ± 0 .25 4 .06 10.21 3 .22 t 11 .33 3,08 _ 0.41
Acetylholine (µg)
0,01 39 3 '17-3 52 - 7 3.08 ± 0 .29 2 .23 t 0 .47 2.11 ± 0.3454 t 7 2 .97 t 0.32
0 .1 55 r 5
45 .'- 5' 65 _ I0 63 1 12 2.11 _ 0
.29 2 .53 ± 0.25* 1 .78 ± 0 .38 1 .81 t 0.29
L0 5u • 9 45 ± 7' 71 ± 14 73-, 10 1 .77 ± 0 .29 2 .53 ± 0.33' 1 .63
.
0 .31 1 .56+-0.41
Nitmeheerin (µg)
5 38 - 4 39 . 4 55 _, 8 62 ± 10 3 .05 t
0.33 2 .92 +0 .32 2 .11 ' 0 .43 1 .84 ? (1 -32
t(1
45 i 4 40 t 5' 62 } 9 641 11 2.58 t 025 2 .85 ± 0.29 1 .87 ± 0.40 1 .78 t 0.28
25 52-4 45±6' 71 t 14 83--9 ?23±022 2.53±025' 1 .63±0 .48 1 .37±036
Uunrg
Subtotal
Before
Occlusion
Occlusion
and Pacing
After I h
Reperfusion
Heart rate (bcatsimin) 158 11 216 i 13'
165 - 9
Mean aortic pressure (mm Hg) 11h
7 110 - 6 114 .: 6
LAD flow (mbinin) 23
; 12
.3 •
2 8±2
Cx flow (nil/min) .4) 47 5'
37 5
End-dwstolre length (mnt) 13 .6 .0.6 15.5 1 .01 16 .1 0 .9'
End-systolic length (mm) 12,3 0.7 15 .2 ' 09' 16 .1
(1 .8`
Shortening fraction (' )
9.7 1 .5 2 .2'1 .8' 0 .4 1 .1 1
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Figure 1 . Increase in coronary blood flow (percent change from
baseline) in response to acetylcholine in left anterior descending
(top)
and circumflex (bottom) coronary arteries before (open bars) and after
(solid bars) subtotal left anterior descending coronary occlusion and
increased heart rate and reperfusion . After reperfusion, the increase in
blood flow in the nonischemic circumflex region is preserved but is
markedly attenuated in the left anterior descending region . *p < 0.05.
(209 ± 21% and 281 ± 31%, respectively) were similar to that
in the left anterior descending coronary artery .
Peak reactive hyperemic responses in the circumflex coro-
nary artery were slightly decreased after 1 h of subtotal left
anterior descending coronary artery occlusion and 1 h of
reperfusion (10-s circumflex coronary occlusion 158 ± 26% ;
20-s circumflex artery occlusion 217 ± 32%), but the reduction
was not significant. In contrast, peak reactive hyperemic re-
sponse in the left anterior descending coronary region after
10 s of total coronary occlusion was significantly decreased
(105 ± 15% vs. 196 ± 17%, p < 0.02) after subtotal left
anterior descending coronary occlusion and reperfusion . Sim-
ilarly, peak reactive hyperemic response after 20 s of total left
anterior descending coronary occlusion was also decreased by
-50% (135 ± 22 vs. 276 ± 27%, p < 0.02).
Coronary artery reactivity . The sensitivity of coronary artery
rings to U46,619 varied among dogs. However, the ischemic-
reperfused left anterior descending coronary artery rings were
more sensitive to U46,619 than the nonischemic circumflex
coronary artery rings in all dogs. In parallel experiments in the
same dog, the amount of U46,619 required to achieve a 3- to 4-g
increase in force above the baseline preload was always one to
two log doses less in the left anterior descending than in circum-
flex coronary artery rings (p < 0 .001), indicating greater sensitiv-
ity of the left anterior descending coronary rings to U46,619 (Fig .
NICHOLS ET AL
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Figure 2. Increase in coronary blood flow (percent change from
baseline) in response to nitroglycerin in left anterior descending
(top)
and circumflex (bottom) coronary arteries before (open bars) and after
(solid bars) subtotal left anterior descending occlusion and increased
heart rate and reperfusion . After reperfusion, the increase in blood
flow in the nonischemic circumflex region is preserved but is markedly
attenuated in the left anterior descending region. *p < 0.05 .
3) . Pretreatment of coronary artery rings with indomethacin did
not alter the enhanced contractile response of the left anterior
descending coronary artery ring.
Acetylcholine-mediated relaxation was modestly but consis-
tently decreased (p < 0.05) in the left anterior descending
coronary artery rings compared with that in the circumflex
rings. The thrombin- and adenosine diphosphate-induced
relaxations were markedly diminished in the left anterior
descending coronary artery rings (p < 0 .01 vs . relaxation in the
circumflex rings) (Table 3, Fig . 3). Relaxation in response to
endothelium-independent relaxant nitroglycerin was similar in
the left anterior descending and circumflex coronary artery
segments (80 ± 6% and 75 ± 5%, respectively) . Pretreatment
of coronary artery segments with indomethacin did not change
the difference in relaxation in response to acetylcholine,
thrombin and adenosine diphosphate between left anterior
descending and circumflex coronary artery rings (data not
shown).
Histopatitologic observations . In six dogs, left anterior
descending and circumflex coronary myocardial regions were
examined extensively. Except for evidence of mild injury
(contraction bands and cosinophilia) in the left anterior de-
scending coronary subendocardial regions in one dog, there
was no evidence of myocardial injury in the remaining five
dogs
. Interstitial edema was conspicuously absent in the left
800
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anterior descending coronary region . A detailed examination
for the presence of leukocytes in the arterioles and capillaries
failed to reveal a significant difference in leukocyte infiltration
in the left anterior descending and circumflex coronary re-
gions. Mean extent and intensity of leukocyte infiltration in the
circumflex coronary myocardium were 0.5 each. Mean extent
and intensity of leukocyte infiltration in the left anterior
descending coronary regions were also 0,5 each. Thus. the left
anterior descending coronary regions did not differ from the
Table 3. Coronary Artery Ring Relaxation'
1gL_
5 min
'Relaxation is expressed as percent
change from precontracted state . All
rings were contracted to -3
.5 g of tension
with U46,619 (see Fig. 3)
. tp < 0
.05
and tp < 0
.01 versus relaxation in
nonischemic circumflex coronary artery (Cx)
rings
. Data are expressed as mean value
t SE. ADP = adenosine diphosphate
;
LAD = left anterior descending coronary
artery.
Ischemicreperfused LAD
t
14
t
14
046
.619 (-log. M)
I I t
I
t t
1098 7 6
ACh (-log
. M)
tt
0.1 1
Thrombin (U/ml)
circumflex coronary regions in any remarkable fashion . This
histologic pattern is in marked contrast to the extensive injury,
cell separation, tissue edema and leukocyte infiltration (both
extent and intensity grade 3 to 4) observed in our laboratory in
dogs subjected to total left anterior descending coronary
occlusion for I h followed by reperfusion for 1 h (3-5,14).
Myocardial myeloperoxidase assay. The values for myclo-
peroxidase in the left anterior descending and circumflex
coronary regions were 0.21 ± 0.03 and 0.22 ± 0.04 U/100 mg
tissue, respectively (n = 6) . Similar to the histopathologic
observations, no significant differences were observed in the
myeloperoxidase assay, again indicating the lack of a signifi-
cant amount of leukocyte deposition in either the left anterior
descending or circumflex coronary regions .
Discussion
Coronary flow reserve after temporary coronary occlusion .
Many previous studies (2-6,12,14), including those from our
laboratory, have shown a reduction in coronary flow reserve
after total coronary artery occlusion and reperfusion. Reduc •
tion in coronary flow reserve is similar whether endothelium-
dependent or endothelium-independent vasodilators are used
to increase coronary blood flow . A similar reduction in coro-
nary flow reserve is observed when peak reactive hyperemia is
measured as an index of coronary flow reserve . A variety of
mechanisms have been proposed to explain the decrease in
coronary flow reserve ; among these are loss of endothelial
vasorelaxant function (8-10), accumulation of leukocytes in
JACC Vol . 24, No . 3
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Figure 3 . Representative examples
of response of ischemic-repcrfused
left anterior descending (LAD)
and nonischemic circumflex (Cx)
coronary artery rings to the throm-
boxane A_ analog U46,619 and en-
dothelium-dependent relaxants
acetylcholine (ACh), adenosine
diphosphate (ADP) and thrombin.
Note enhanced contraction in left
anterior descending coronary ar-
tery in response to 046,619 and
diminished relaxation in response
to acetylcholine, adenosine diphos-
phate and thrombin .
Nonischemic
Cx Rings
(n = 6)
1whemic-Reperfused
LAD Rings
Acetylcholine (mol/liter)
5t2 3*_310
,
10 '` 26 t 4 16 t St
to 85 t7 60t9t
to ° 95 t9 8() t 12t
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10 t 3 Of
to
to-,, 70 t 2 25 t 12f
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.
the microvasculature (1,3-5,14), loss of myocardial function
(2) and release of prostaglandin-related and unrelated vaso-
constrictor materials (7,16) . Among these the first two mech-
anisms have received most attention recently, particularly
because use of prostaglandin inhibitors has shown little pro-
tection against loss of coronary flow reserve (3,4,14) .
The present study shows that I h of subtotal coronary artery
occlusion and tachycardia stress, followed by 1 h of reperfusion
results in a marked reduction in coronary flow reserve . This
reduction in coronary flow reserve was apparent with the use of
the endothelium-dependent vasodilator acetylcholine as well
as the endothelium-independent vasodilator nitroglycerin . In
addition, peak reactive hyperemia after a 10- or 20-s period of
total coronary artery occlusion was also attenuated in the
ischernic-repufLISCd left anterior descending coronary region .
Although coronary flow reserve measured as flow response to
acetylcholine and nitroglycerin and peak reactive hyperemia
was diminished, it is possible that flow response to physiologic
stimuli, such as adenosine, is preserved in the setting of
moderate isehemia and pacing-induced tachycardia (17) . Fur-
thermore, the coronary vessels have been shown to remain
reactive to adrenergic stimulation despite intense metabolic
stimulation during ischemia (18)
Leukocytes and reduction in coronary How reserve. In our
previous studies (3-5,14), when the coronary artery was totally
occluded for I li and i- cpeifused for I It . a similar decrease in
coronary flow reserve was observed . In addition, we observed
the accumulation of leukocytes in the microvasculature and
interstitium of myocardium supplied by the coronary artery
subjected to total occlusion and reperfusion (3-6) . In contrast,
we observed little accumulation of leukocytes, as indicated by
normal n iye lope roxidasc assay, in the myocardium supplied by
the coronary artery subjected to subtotal coronary occlusion in
this study, although there was a similar reduction in coronary
flow reserve . Our data on myocardial mycloperoxidase are also
in agreement with the histopathologic observations of very few
leukocytes in the reperfused myocardium.
Earlier studies suggested the accumulation of leukocytes in
the microvasculature in the reperfused regions as a potential
cause of the "no-reflow" phenomenon (1,3-6) . Indeed, the
reduction in leukocyte count not only prevented the loss of
coronary flow reserve, but also resulted in improvement in
myocardial function . However, more recent studies have not
shown similar protection against myocardial dysfunction and
loss of coronary flow reserve in dogs made leukopenic with
antiserum (19). Our present observations of decrease in coro-
nary flow reserve without leukocyte accumulation in the myo-
cardium are in agreement with the results of the study by
O'Neill et al . (19). Kloner (20), in a recent review, has also
questioned the importance of leukocytes in the evolution of
myocardial dysfunction and injury after total coronary artery
occlusion and reperfusion, although he showed attachment of
leukocytes to the coronary artery intimal surface distal to the
site of occlusion, with subsequent transendothelial migration in
ischemic-reperfused arteries in association with loss of flow
reserve (21) .
Free radical release after temporary coronary artery occlu-
sion. Myocardial dysfunction and decrease in coronary flow
reserve occut -ring after temporary coronary artery occlusion
have also been attributed to free oxygen radicals, particularly
superoxide radicals, which are released in the early stages of
reperfusion (22,23). Release of superoxide radicals exerts an
injurious effect on the vascular endothelium (24), vascular
smooth muscle and myocardium (25). Superoxide radicals can
themselves cause contraction of vascular smooth muscle and
potentiate the effects of circulating catecholamincs (24) . Su-
peroxide radicals may also combine with endothelium-derived
nitric oxide to form peroxynitrites, which are toxic to the
tissues (26,27) . Indeed, use of free oxygen radical scavengers
has been shown to improve the attenuation of the decrease in
coronary flow reserve (5,28-30). In sonic, but not all, studies
use of these agents has been shown to reduce ultimate infarct
size after coronary artery occlusion and reperfusion (31) . fit
most of these studies, the duration of coronary artery occlusion
was variable but was generally 2t45 min .
Attenuated endothelium-dependent relaxation after tempo-
rary coronary artery occlusion . Previous studies from our labo-
ratory showed attenuation of endothelium-dependent relaxation
in the epicardial coronary artery segments of dogs subjected to 1 h
of total coronary occlusion and 1 h of reperfusion (8,9) . Similarly .
coronary arteries of dogs with occlusive intracoronary thrombus
for 30 to 60 min and subjected to coronary artery reperfusion with
tissue-type plasminogen activator show diminished endothelium-
dependent relaxation (30) . Bolli et al. (12) showed loss of
endothelium-mediated vascular smooth muscle relaxation in seg-
ments of coronary arteries subjected to only 15 inin of coronary
occlusion. The present study shows that the endotbelium-
dependent relaxation of comirdial coronary artery rings is mark-
edly decreased after subtotal occlusion and rcperfusion . The
sensitivity of ischcmic-reperfuscd coronary artery rings to
U46,619 was markedly augmented. These data are supported by
the observation of impaired endothelium-dependent relaxation of
segments taken from porcine coronary artery subjected to 15 min
of subtotal coronary artery occlusion (13) . Vascular smooth
muscle contraction in response to serotonin was also augmented
in the reperfused porcine coronary artery rings . These observa-
tions taken together indicate that free oxygen radicals are re-
leased after subtotal coronary artery occlusion, similar to that
after total coronary artery occlusion . The release of superoxide
radicals may break down the endothelium-derived relaxing factor
(32,33) and result in enhanced constriction of the coronary
arteries. Although the large epicardial coronary arteries do not
participate significantly in the regulation of coronary flow reserve,
similar alterations in endothelium-dependent relaxation have
been observed in small coronary arteries of dogs subjected to total
coronary occlusion and reperfusion (I I) . It is likely that an
impairment of endothelium-dependent relaxation is operative in
the microvasculature of the subtotally occluded and reperfused
left anterior descending coronary regions, which would result in
attenuated increase in blood flow in response to vasodilator
stimuli .
In studies by Sheridan et al .
(10), use of leukocyte filters
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decreased myocardial reperfusion injury in dogs but did not
modulate the attenuated endothelium-dependent coronary
artery ring relaxation. These observations suggest that neutro-
phil infiltration into the reperfused regions is not the sole basis
of impaired coronary relaxation and exaggerated contraction .
However, once the endothelium-mediated coronary artery
relaxation is impaired, circulating leukocytes may serve to
enhance the contraction of reperfused coronary arteries, as
shown by Ma et al . (34).
Adenosine tdpkospkale metabolism and attenuated coro-
nary flow reserve.
The decrease in coronary flow reserve after
subtotal coronary artery occlusion and increased heart rate
may also be due to the depletion of adenine nucleotides during
short periods of ischemia (35) . The va.*oactive metabolites of
adenosine triphosphate responsible for the metabolic regula-
tion of coronary flow, primarily adenosine, are washed out
during repcrfusion. Support for this concept comes from the
studies of Vanhaecke et al . (36), who showed a loss of coronary
flow reserve, as measured by peak reactive hyperemic response
and its recovery on intracoronary administration of adenosine
during reperfusion. Similar mechanisms may be operative in a
decrease in coronary flow reserve in dogs subjected to subtotal
coronary occlusion followed by reperfusion. However, the
tissue concentrations of adenosine are substantial, and the
failure to generate adenosine seems unlikely to be the sole
basis of attenuation of coronary flow reserve after modest
myocardial ischcmia.
Myocardial function cad attenuated coronary flow reserve
after subtotal coronary occlusion . Klein et al . (2) showed that
myocardial dysfunction and tissue death may be a cause of
reduction in coronary flow reserve, and these factors may
correlate with the degree of decrease in coronary flow reserve .
Ross (37) recently reviewed the relation between myocardial
blood flow and local myocardial function . We observed myo-
cardial dysfunction in concert with reduction in coronary flow
reserve and increase in heart rate. Despite reperfusion, myo-
cardial function remained decreased, as indicated by decrease
in regional shortening fraction . Myocardial dysfunction in our
study, which most likely represents myocardial stunning in-
duced by subtotal occlusion of the left anterior descending
coronary artery followed by reperfusion, was not associated
with histologic evidence of significant myocardial injury. This
may well be the first demonstration of myocardial dysfunction
caused by subtotal occlusion and increased heart rate followed
by reperfusion in the dog . Bolli et al. (12) previously observed
myocardial stunning in conjunction with attenuated coronary
artery relaxation after brief periods of ischemia caused by total
coronary artery occlusion. In this setting, the generation of free
oxygen radicals was also shown . Nonetheless, irreversible
myocardial tissue death is an unlikely basis of reduction in
coronary flow reserve because coronary flow reserve is mark-
edly reduced after temporary coronary occlusion, even in the
presence of viable myocardium (36).
The effect of myocardial ischemia on the mechanical func-
tion of the heart was recently reviewed by Bristow et al . (38).
Myocardial ischemia and the stress of atrial tachycardia lead to
heterogeneity, in the sense that some microregions are isch-
emic and demonstrate maximal vasodilation, and other regions
are not ischemic and demonstrate preservation of flow reserve .
A variety of metabolic adaptations develop to protect the
myocardial cells from death .
Study limitations. Although we did not identify obvious
necrosis in the reperfused myocardium on histologic studies, it
is possible that necrosis, particularly in the subendothelial
layers, would become evident if the dogs were kept alive for 24
to 48 h. However, in previous studies (3-5,14) in similar animal
preparations using a 1-h period of total coronary artery
occlusion and a 1-h period of reperfusion, we found extensive
tissue injury and leukocyte accumulation in conjunction with a
similar degree of attenuation of coronary flow reserve and
myocardial function as identified in this study. It may have
been ideal to demonstrate that myocardial function is revers-
ible after subtotal coronary artery occlusion and reperfusion,
but the histologic observations suggest that the myocardial
function would most likely recover. The focus of these studies
was to mimic the clinical state of transient subtotal coronary
artery occlusion and increased heart rate and the impact on the
indexes of coronary flow reserve and myocardial function after
relief from subtotal coronary occlusion and increased heart
rate.
Conclusions . This study shows that I h of subtotal coronary
artery occlusion accompanied by an increase in heart rate
results in a reduction in coronary flow reserve (measured as
flow response to acetylcholine and nitroglycerin and peak
reactive hyperemia) and regional myocardial dysfunction . Be-
cause the decrease in coronary flow reserve is not limited to
endothelium-dependent vasodilators, it is tempting to postu-
late that release of free oxygen radicals during reperfusion
injures the endothelium of the entire reperfused coronary
arterial bed, resulting in a state of generalized vasoconstric-
tion . Release of free oxygen radicals may have contributed to
myocardial stunning (5) . Although the precise mechanism of
decrease in coronary flow reserve and regional myocardial
dysfunction after temporary subtotal coronary artery occlusion
and increased heart rate is not known, these phenomena do
not appear to be related to the accumulation of leukocytes in
the reperfused myocardium .
We acknowledge the technical assistant of L. Thompson and P . Bryant .
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